ABSTRACT: Necrotizing enterocolitis (NEC) is the most common severe gastrointestinal emergency that affects premature newborns. This disease often has a rapid onset with few, if any, antecedent signs that can be used to reliably predict its occurrence.
N ecrotizing enterocolitis (NEC) is the most common se-
vere gastrointestinal (GI) disease that predominantly afflicts premature infants in neonatal intensive care units (NICUs). Of 2500 annual cases reported in the United States, 20 -60% undergo surgery and 20 -28% do not survive (1, 2) . Progress in the prevention of NEC has been limited by difficulties in clearly defining the condition and by our inability to identify subsets of premature infants at highest risk of developing NEC (3) . Part of the difficulty stems from the heterogeneity in what is termed NEC. In term and late preterm infants, what has been termed "NEC" has a greater association with predisposing factors such as low Apgar scores, chorioamnionitis, exchange transfusions, prolonged rupture of membranes, congenital heart disease, and neural tube defects (4) . Spontaneous intestinal perforation frequently is not accompanied by significant intestinal necrosis, occurs earlier than NEC, and is associated with the combined use of glucocorticoids and indomethacin (5, 6) . Here, we will focus on "classic" NEC that is generally seen in premature infants born at less than 32 wk of gestation and with a birth weight of less than 1500 g. The increased susceptibility has been attributed to multifactorial etiologies including an immature mucosal barrier and barrier inflammatory response, genetic susceptibility, dysfunctional intestinal microecology, and idiosyncrasies related to aggressive feeding practices (7, 8) .
Previously, the diagnosis of NEC was based on criteria first established by Bell et al. (9) in 1978, which are limited to the clinical and radiographic appearance of the infant. Newer criteria, such as the modified Bell system proposed by Walsh and Kleigman (10) , have incorporated the original criteria with laboratory findings to more clearly classify NEC, aiding in diagnosis and therapy. Even more recently, the addition of gray scale and color Doppler ultrasonography to the diagnostic arsenal has enhanced our ability to diagnose NEC, especially in cases with inconclusive plain film radiography or nonspecific clinical presentations (11) . However, all of the above diagnostic criteria and modalities are applicable only after the infant has developed signs or symptoms of the disease. But because of its delayed occurrence after birth and its highly fulminant nature, identifying prospective biomarkers specific for high NEC risk would offer opportunities for early intervention. In addition to being associated with NEC risk, such biomarkers should be noninvasive, easy to obtain, and inexpensive. Here, we will first review several previously published methods (summarized in Table 1 ) and then discuss selected emerging technologies that may help us identify infants at risk for NEC and to prevent this devastating disease.
Previously Studied Techniques
Breath hydrogen sampling. Microbial fermentation of unabsorbed carbohydrates results in production of hydrogen (H 2 ) gas that, although partially used by H 2 consuming intestinal microbes, is assimilated into the bloodstream and eventually exhaled. Previous studies have suggested that this technique could be used in the early detection of NEC (12) . In one study, breath H 2 excretion was determined in 122 neonates from birth to 1 mo of age (12) . The patients weighed less than 2000 g at birth and thus were at risk for developing NEC. Hydrogen excretion was normalized for the quality of the expired air by dividing the exhaled hydrogen pressure by the carbon dioxide (CO 2 ) pressure of the gas sample. The mean (ϮSD) peak H 2 /CO 2 ratio was greater in seven infants who subsequently developed NEC (9.4 Ϯ 2.7 ppm/mm Hg) than Genomic markers. Analyses of twin gestations support that intraventricular hemorrhage, NEC, and bronchopulmonary dysplasia are familial in origin (13) . Given this genetic predisposition, finding a genetic marker that is sensitive, specific, and predictive could be a valuable adjunct to early identification and prevention of NEC. Because of the potential that inadequate innate immune responses to bacterial antigens in the intestinal flora may play a role in the development of NEC, single-nucleotide polymorphisms (SNPs) of CD-14, TLR-4 (toll like receptor-4), and caspase-recruitment domain 15 were analyzed in very low birth weight (VLBW) infants with and without NEC, but found not to be associated with increased risk (14) . However, another group of investigators focused more specifically on the TLR-4 gene. This gene, responsible for part of the proinflammatory cascade, was studied in a murine model of NEC, and its products were found to be present in higher levels in those animals at risk for developing NEC, and animals with a mutant TLR-4 gene had a decreased incidence of the disease (15) . These findings suggested that gene products, not a SNP alone, might be of more prognostic utility. However, a SNP in the gene that encodes carbamoyl-phospate sythetase 1 (CPS1), the ratelimiting enzyme in the production of arginine, was found to be associated with an increased risk of NEC development (16) .
The risk for NEC has also been associated with the frequency of the interleukin (IL) -18 607 AA genotype (12) . The frequency of the AA genotype is significantly higher in infants with stage III NEC compared with stages I and II (17) . Thus, the presence of AA genotype may adversely affect the outcome of NEC through altered IL-18 levels, a cytokine that induces interferon-␥ and amplifies T-helper cell type 1 (Th1) cytokine production and IL-8 accumulation (17) . VLBW infants with NEC were also shown to be less likely to possess the IL-4 receptor ␣-chain mutant allele compared with infants without NEC (17) . The variant of IL-4 receptor gene is associated with enhanced transduction of IL-4 signals, which shifts the development of lymphocytes to a more pronounced Th cell type 2 (Th2) state (17) . It is speculated that the elevated number of Th2 cells in carriers of this genetic polymorphism is a protective factor against the development of NEC (17) .
These findings suggest that NEC is mediated not by genetics alone, but by genetic factors in conjunction with hostbacteria interactions. Thus, the search for genetic markers appears to have some potential, but sensitivity and specificity for prediction remains elusive largely because of the interaction with environmental factors that also appear to play an important role in the pathogenesis of NEC.
Intestinal microbiota. Colonization of the GI tract of the newborn with microorganisms from the extrauterine environment starts immediately after birth and is markedly affected by maternal and environmental microbial sources. The frequent use of antibiotics, type of feeding (human milk versus formula), mode of delivery (vaginal versus Caesarian section), and various manipulations in the NICU, such as nursing in an incubator versus under radiant warmers, have the potential to alter the intestinal microbiota (18 -20) . Recent technologic advances reveal that although the majority of microbes in the human GI tract cannot yet be cultured, powerful new molecular 16S ribosomal RNA-based techniques now allow for a comprehensive analysis of microbiota (21, 22) . The vast array of commensal microorganisms with their immense metabolic capabilities contributes significantly to host physiology. Microbiota contributions include vitamin synthesis, nutrient utilization and absorption, stimulation of immune responses to pathogens as well as tolerance to luminal antigens, and stimulation of Paneth cell peptide secretion, which in turn, promotes angiogenesis, growth, and an environment that facilitates colonization by commensals rather than opportunistic pathogenic microorganisms (23, 24) . However, a different situation appears in the premature infant wherein microbes, although essential for normal intestinal growth and development, are also implicated in the development or exacerbation of NEC (7) .
The large diversity of bacteria present in infants even before the development of NEC and the current failure to isolate/ identify a known pathogen suggests that commensal microbes are usually bystanders that, under certain conditions, can amplify pathologic processes such as uncontrolled inflammation. A related hypothesis is that a particular microbiota composition, which might be normal in a full term infant, may be the culprit leading to the inappropriate inflammatory cascade producing NEC in preterm babies as opposed to the presence of particular pathogenic species (7, 8) . There is older evidence, however, showing that specific changes can be observed in the intestinal flora preceding the development of NEC (25) . Hence, it is apparent that the microbial ecology is a factor in the development of NEC, but a definitive causality has yet to be determined.
When infants with NEC were compared with control infants without NEC (matched for gestational age at birth and postmenstrual age), a study based on cultivating potential pathogens did not detect specific bacteria associated with disease (26) . This observation does not exclude the possibility that sufficiently powered studies that use modern molecular microbiota analysis methods could identify pathogens in the future. In addition to specific pathogens, the colonization with a microbiota altered in its diversity or emergence of dominant commensal microbes that elucidate an inappropriate immune response may be of importance in the disease process (27) . Recent studies using molecular techniques have provided initial insight (28) . The use of 16S ribosomal RNA-based approaches has greatly facilitated the study of GI tract microbial ecology because it circumvents the need for culturing (29) . Powerful novel molecular approaches, including pyrosequencing, now allow for an in depth analysis reaching saturation that can detect sequence signatures for bacteria contributing only a small proportion to the overall microbiota (29) .
These new molecular microbiota-typing techniques for the detection of otherwise noncultivatable microbes offer new opportunities for delineating both specific NEC-associated pathogens as well as intestinal microecologic patterns that may be conducive to the pathogenesis of NEC. There have been arguments against the validity of using fecal microbiota as a surrogate temporal measure for the microbiota that is in close contact to the small and large intestinal mucosa. Preterm babies defecate infrequently and thus distortions in microbiota composition might not be detected in rectal swabs or stool specimens when inflammation is either starting or progressing at the intestinal mucosal surface.
Recently, there has been an interest in altering the intestinal microbiota to manipulate disease. Studies of antibiotics (30) , prebiotics (31) , and probiotics (32,33) have been carried out in the hopes of developing a prophylactic therapy for NEC. Although there has been no conclusive evidence of definitive preventive strategies, much remains to be discovered in the realm of manipulation of the microflora.
Inflammatory mediators. Similar to sepsis and adult respiratory distress syndrome, the pathogenesis of NEC appears to involve a pathway that includes the endogenous production of inflammatory mediators involved in the development of intestinal injury (34) . Endotoxin/lipopolysaccharide (LPS), platelet-activating factor (PAF), tumor necrosis factor alpha (TNF-␣), IL-8, and other chemokines and cytokines, together with prostaglandins, leukotrienes, and nitric oxide, are thought to be involved in the final common pathway of NEC pathogenesis (1, 34, 35) . Sera, tissue, stool, or other samples from early time points in the development of the disease may help delineate early inflammatory events that predispose an infant to NEC, thus providing an interventional opportunity. Here, we will briefly review some of the inflammatory and other markers that have been and/or are still being evaluated for the early diagnosis of NEC.
In one study, concentrations of IL-1␤, IL-6, endotoxin/LPS, and TNF-␣ were measured at the onset of clinical illness (35) . Neonatal endotoxemia and release of proinflammatory cytokines were found to be important contributors to multiple organ failure and mortality. Endotoxemia was most severe at the onset of illness among the infants with NEC, suggesting that gut barrier failure plays an important role in adverse outcomes in the NICU (35) .
In another study, association between serum C-reactive proteins (CRP) and NEC were evaluated (36) . CRP levels were found to be abnormal in both stage II and stage III NEC. In infants with NEC, persistently elevated CRP after initiation of appropriate medical management suggested development of complications of NEC, which often required surgical intervention.
Another mediator, fecal calprotectin, has also been evaluated as a potential diagnostic tool for NEC. It is an established screening test used in diagnosing inflammatory bowel disease (37) and is now taking on an expanding role in disease monitoring and relapse detection (38) . For NEC, levels of fecal calprotectin have been measured in stools of VLBW premature infants. One study showed that a fecal calprotectin level Ͼ2000 g/g is a useful, but not an early marker of NEC and of other severe intestinal inflammatory conditions in VLBW infants (39) . In another pilot study designed to determine whether it can be used to aid diagnosis of NEC in preterm infants (40) , it was found that infants with NEC had greater fecal calprotectin concentrations at the time of diagnosis compared with matched controls (288.4 mg/L Ϯ 49.1 versus 98.0 mg/L Ϯ 60.6, p ϭ 0.0006). These studies were done primarily at the time of onset of NEC. In another study (41) , fecal calprotectin levels of 14 VLBW infants (gestational age 23-30 wk, birth weight Յ1500 g) were serially measured in the first postnatal month. Fecal calprotectin levels significantly differed between "well" and "sick" infants (122.8 Ϯ 98.9 versus 380.4 Ϯ 246.3 g/g stool, p Ͻ 0.001). A fecal calprotectin level Ͼ350 g/g stool was associated when signs of GI injury, such as bloody stool or bowel perforation, were present. Levels decreased after initiation of treatments in sick infants who recovered. These studies concluded that fecal calprotectin levels may be a marker for early diagnosis and resolution of GI illness in VLBW infants, but its utility for early diagnosis and assessment of resolution of NEC needs to be studied in a larger cohort of VLBW infants.
Fatty acid binding proteins, tissue-specific inflammatory markers usually found to be more elevated during periods of ischemia, have also been evaluated as potential markers for the diagnosis and staging of NEC. Specifically, in a recent study by Guthmann et al. (42) , plasma concentrations of both intestinal fatty acid binding protein (I-FABP) and liver fatty acid binding protein were measured in healthy preterm infants and in preterm infants with NEC. I-FABP was found to be associated with advanced stages of NEC, whereas liver fatty acid binding protein was found to be significantly elevated in infants with only a suspicion of NEC (42), indicating that the latter may be a more sensitive marker for the early detection of the disease. Urinary I-FABP as a marker of intestinal injury was evaluated in another study (43) . A value of 2 pg/nmol for the urinary I-FABP to creatinine ratio was capable of distinguishing the group of infants with NEC or intestinal necrosis from the other diagnoses. Given the ease and frequency with which urine can be collected without adverse consequences for the baby, it was concluded that the feasibility of urinary I-FABPs as a screening tool for NEC requires further evaluation in a prospective trial. Although these markers show some promise in diagnosis and classification of disease, much remains to be evaluated before their application in the clinical setting.
It is likely that the lack of diagnostic and therapeutic modalities for NEC is due to the lack of an overall view of the disease. Properly validated and calibrated mathematical models of inflammation and its pathologic consequences in NEC could be useful for predicting the physiologic and biologic response in infants suffering from the disease, but, as suggested recently, have not yet been fully developed (44) .
Other mediators. Also associated with NEC are low concentrations of arginine and glutamine. Supplementation of each of these amino acids has been considered as a preventative strategy for the disease (45, 46) . However, these therapies are likely to be nonspecific for NEC and the deficiencies are likely caused by low intakes and high consumption during stress (47) .
Finally, growth factors have also been assessed for use not only as diagnostic tools, but also as therapeutic interventions. For diagnostic purposes, a prospective analysis was performed in which levels of salivary-derived epidermal growth factor were found to be significantly lower in preterm infants, and more rapid elevations of salivary-derived epidermal growth factor during the first weeks of life were associated with a greater incidence of NEC (48) . For therapeutic purposes, another study evaluated levels of insulin-like growth factor 1 (IGF-1) and its effects on maturation of intestinal function in preterm infants (49) . It was suspected that supplementation of IGF-1 in preterm formulas would speed the growth and development of the barrier and absorptive features of the gut (49) , thereby potentially decreasing the likelihood of NEC development. However, supplementation was not found to be substantially beneficial, possibly because of synergy with other factors that were not supplemented in conjunction with IGF-1 (49) . Nevertheless, these important observations suggest the feasibility of developing biomarkers for the early detection of NEC and encourage further investigation.
Emerging Biomarker Technologies
New molecular techniques have recently emerged in their use to develop biomarkers for diseases such as prostate cancer (50) , liver disease (51), infection in the amniotic fluid (52) , and for the detection of retinopathy of prematurity (53) . Even more promising is the finding that proteomic fingerprinting of amniotic fluid has proven to be more accurate than conventional Gram's stain and culturing in diagnosing intra-amniotic infection (54) . Such successes using molecular techniques offer promise to the hope of finding a biomarker for detection, and possibly prevention, of NEC.
Proteomics. Proteomics is a rapidly growing science that focuses on the multitude of tasks assigned to proteins (54, 55) . It relates to the structure, the functions, and the interactions of proteins including their identification and quantification (55) . It also entails the study of impact of their interactions on biologic functions. In VLBW infants susceptible to NEC, it is likely that on account of premature birth, the developing proteins are disharmonized and that either the signaling pathways between microbiota and the intestinal barrier or the trafficking of luminal matter through the intestinal barrier is altered in a manner that is conducive to the genesis of NEC (56) .
Proteomic technologies involve several steps. Polyacrylamide and two-dimensional gel (2D gel) electrophoresis methods of protein separation exploit the protein property that, in the presence of an electric field, the intrinsic charge of proteins impart a characteristic electrophoretic mobility to them permitting their separation and identification based on their molecular weights and net charge (57) . Of these two, the method of 2D gel is considered a better option for high-resolution profiling of low abundance proteins in the quest for identifying biomarkers for NEC (58) .
Mass spectrometry is another powerful technique emerging in the field of diagnostic biomarkers and identification of proteins involved in diseases (59) . This technique involves introducing enough energy into a target molecule to cause its ionization and disintegration. The resulting fragments are then analyzed, based on the mass/charge ratio. Different types of mass spectrometry techniques, including surface-enhanced laser desorption/ionization time-of-flight mass spectrometry, matrix-assisted laser desorption/ionization time-of-flight mass spectrometry, and tandem mass spectroscopy (MS/MS), are available (57, 59) . Two-dimensional gel is often used in conjunction with mass spectrometry (55, 57) . One such example is the detection of potential biomarkers characteristic of premature rupture of membranes in preterm deliveries (54) . The Figure 1 illustrates how these techniques might be used in human babies.
Transcriptomics. Transcriptomics is a global way of evaluating gene-expression patterns (60) . It involves study of all mRNA molecules, or transcripts, and evaluation of changes in transcription initiation, processing, and degradation of proteins. The technique of polymerase chain reaction (PCR), based on transcriptomics, holds promise in discovering biomarkers in the area of NEC research in the near future. PCR is already being used to help identify previously uncultivatable organisms (21, 29, 61) . The collection of samples adequate for PCR is appealing as minute amounts of biologic material are all that are required as they are amplified further during this process (60, 61) . Samples can be obtained from almost any tissue such as skin, saliva, and buccal scrapings without undue extensive invasive tests or blood sampling.
These new methods are not, however, without their share of challenges. One of the most obvious is the need for proper instrumentation. Accurate and affordable equipment must be available for efficient application of these techniques. If a previously unknown gene is found to be differentially ex- Figure 1 . The biomarker discovery process.
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pressed in health versus disease, it remains critical that the corresponding gene product be confirmed both phenotypically and at the protein level. Although the technology is available to perform this type of evaluation, the bottleneck in developing a good diagnostic platform derives from issues related to finding statistical significance and biologic relevance of a differentially transcribed gene.
Conclusion
Emerging evidence suggests that major pathophysiologic contributions to the development of NEC originate from a defective interaction between intestinal microbes and the host's response to these microbes. Newly developed technologies supported by initiatives such as the human microbiome project are likely to provide new information. "Omic-based" techniques for biomarker discovery in tissue samples obtained noninvasively appear particularly appealing for the development of novel point-of-care diagnostic markers and are attractive for the development of effective therapies, such as nutritional supplements (growth factors, prebiotics, etc.), bacterial manipulations (probiotics, antibiotics), or even direct therapy with recombinant gene products to reduce or eliminate the inflammatory response.
